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ABSTRACT

Electron Beam Melting (EBM) is an additive manufacturing process that presents a lower
level of internal defects in comparison to Selective Laser Melting (SLM). Pairing Hot Isostatic
Pressing (HIP) with Additive Manufactured metal parts, sub-surface voids can be eliminated
through high pressure and temperature. This significantly improves fatigue life, impact toughness,
creep, rupture strength, and tensile ductility. In this investigation, Ti-6Al-2Sn-4Zr-2Mo samples
manufactured in the Arcam’s Q20 system will be tested as per ASTM E8 Standard Test Methods
for Tension Testing of Metallic Materials. Different variants of Hot Isostatic Pressing (HIP)
treatments were analyzed and compared. Tensile testing was performed on samples, they were
cross-sectioned to check for porosity and cracking as well as to analyze density and microstructure
before and after HIPing. The results will be compared to those found in the literature. Finally,
chemical analysis was conducted to observe element changes and oxygen or nitrogen pickup.
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CHAPTER 1
INTRODUCTION

Since the inception of laser and electron beam powder bed fusion processing (L-PBF and E-PBF),
a major focus of alloy component fabrication has been Ti-6Al-4V as a consequence of its wide
range of applications, particularly aerospace and biomedical [1]–[3]. Unlike more conventional
Ti-6Al-4V (Ti64) cast and wrought processing, Laser and Electron Beam processing of Ti64 often
produces variances in microstructure and corresponding mechanical properties, which may not be
acceptable for certain engineering application. For example, L-PBF involves limited powder bed
heating which can result in rapid component cooling. This can produce a preponderance of either
fine, acicular alpha phase originating in the prior beta grains, or a correspondingly, fine alphaprime martensite along with residual stress accumulation, which in addition to some porosity, can
be eliminated by post-process HIP treatment. E-PBF, on the other hand, generally eliminates any
residual stress as a consequence of higher-temperature powder bed heating, and the formation of
larger, lenticular alpha phase grains in the prior beta grains. Process parameter manipulation can
allow for rapid cooling to produce variations in acicular alpha grains or martensite (alpha-prime)
[4].
The corresponding mechanical properties can involve tensile yield stress and UTS values ranging
from >1 GPa, with elongations (ductility) of 7-8 % in contrast to tensile yield stress and UTS
values ranging from 0.85 to 0.95 GPa, and elongations of > 10 % for cast and wrought Ti64
products [4, p. 6], [5], [6]. In this regard, there have been numerous, recent studies involving postprocess L-PBF and EB-PBF heat treatment schedules which, as a consequence of the Ti64
applications, have produced more uniform and stress-free microstructures with superior
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mechanical properties; in particular the raising of the elongation to > 15 %: nearly double the
ductility of the as-fabricated products [7]–[10].
While Ti64 has been one of the most prominent titanium alloy compositions, there have been a
host of other Ti-alloy developments over the past half-century [1], [2], [11]. One such alloy has
been Ti-6Al-2Sn-4Zr-2Mo (Ti6242), which in contrast to the alpha/beta Ti64, is a near alpha alloy
with mechanical properties roughly 10 % greater than Ti64. With a melting point of 1580 to 1716
C (in contrast to 1604 to 1680 C for Ti64), Ti6242 has been successful in providing creep resistance
up to operating temperatures of 550 C in applications where this is a critical issue. Although there
have been studies of Ti6242 in welding applications, including microstructure studies showing the
evolution of acicular alpha and fine alpha-prime [12], [13], there are no studies involving the laser
or electron beam fabrication of Ti6242 or related post-process heat treatments to optimize both the
microstructure and the mechanical behavior.

1.1

Motivation

To report for the first time the EBM fabrication of Ti 6242, and the different properties that this
material can achieve by applying Hot Isostatic Pressing (HIP) treatments at different temperatures,
a study was performed guided by the following objectives.

1.2

Thesis Objectives
•

Obtain parameters for Hot Isostatic Pressing (HIP) and characterize the 3D printed parts.

•

Test and characterize as-fabricated Ti6242 microstructures and associated mechanical
properties (tensile yield stress, UTS, elongation, and hardness).
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•

Elaborate on a comparison of HIP-related microstructures and the corresponding
mechanical properties.

•

Compare the properties of printed material from two separate EBM systems.

•

Create a statistical analysis to report findings on the differences in mechanical properties
according to printing orientation and HIP variants.
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CHAPTER 2
LITERATURE REVIEW

Additive Manufacturing (AM) has impacted the product development process by presenting the
opportunity to impact the way companies manufacture many products. AM is used to build
physical models, prototypes, tools, and other components in metals, plastics, resins, ceramics,
composites, and biomaterials. We can view the impact of AM on everyday use products such as
engine parts, parts, and assemblies for aircraft, power tools, medical devices, and even in mobile
phones or cameras. During the development of AM technology, there have been numerous
different terms and definitions in use, often regarding specific application areas and trademarks.
This is often ambiguous and confusing which hampers communication and wider application of
this technology.[14] AM technologies encompass seven distinctly different process categories:
binder jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion,
sheet lamination, and vat photopolymerization.[15] While this manuscript focuses on the effects
of a heat treatment process done on a powder bed fusion printed material, it is the author’s opinion
that a brief introduction to all of the seven processes is valuable to the reader. A brief description
of each process category is offered, with special emphasis on electron powder bed fusion since his
work was related to the specific technology.

2.1 Material Extrusion
Material Extrusion is a process in which material is selectively dispensed through a nozzle or
orifice [14]. This is arguably the process that comes to mind when mentioning additive
manufacturing or 3D printing. This is because of its rapid growth as a process for rapid prototyping
at low cost for most industries, however, material extrusion systems are becoming more popular
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and accessible for recreational projects. Examples of material extrusion include dispensing
thermoplastics [16] construction, and conductive inks. There are even several 3D printers that print
food, such as candy, that are beginning to reach the market [17],[18]. The process consists of
deposit the heated material on the build platform layer by layer until the part is finished. While the
application may change the feedstock and some adaptations may have to be considered according
to the material to print, the majority of these systems are composed of a heating element, a nozzle,
a moving build platform, and an extruder for either filament-based systems or pellet-fed extrusion
printer as shown in figure 1 [19].

Figure 1 Schematic of a typical material extrusion components
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2.2 Material Jetting

Material jetting is a process in which droplets of material are selectively deposited onto a build
platform or previously deposited material [14]. This technology incorporates a wide variety of
colors and materials, allowing hard and soft polymeric materials to be fabricated in a single process
due to its distinctive capability to produce multi-material parts by ultraviolet (UV) curing in a
single process. The combination of the hard and soft polymeric material has created a diverse
assembly of materials with unique properties, including flexibility and hardness[20], [21]. This
process enhances the fabrication of structures such as honeycombs, foams, and complex
geometries that promote the energy absorption capacity [22]. Material jetting technology enriches
the design space and overcomes the limitations of conventional manufacturing techniques, which
enable researchers to fabricate bioinspired composite structures [23], [24], soft robotics [23], and
4D printing [25].

Material jetting printers are often equipped with multiple jetting nozzles to increase print speed or
enable the processing of multiple materials. Materials used in this technology include
photopolymers and wax. When using photopolymers, the print head selectively deposits the
droplets of materials onto the build platform and a trailing ultraviolet (UV) light source cures the
material as shown in Figure 2. A roller is moved across each layer after depositing each layer to
remove excess material and to achieve consistent layer thickness. Machines that use wax are
intended for producing investment castings for metal. Each layer of wax is precision machined to
yield the required resolution and layer height.
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Figure 2 Schematic of a material jetting process

2.3 Binder Jetting

The binder jetting process selectively dispenses a liquid binder (often water- or solventbased) onto a powder bed to join powder materials [14]. After each binder dispensing step, a new
layer of powder is applied over the underlying previously bonded layer. In this process, powder
particles are bonded both in the layer stacking direction and in the lateral direction. The liquid
binder is dispensed through an inkjet print head, which is directed to the powder bed build
platform, and after the completion of each bonded layer, a leveling roller deposits a new layer of
powder to repeat the process until the part is done (Figure 3). The resulting “green part” from the
printing step requires either an infiltration step or sintering step to realize the final material
properties, and as such is considered a multi-step AM process. The entire process chain includes
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the steps of printing, curing, removing loose powder, sintering or infiltration, and finishing [26].
The binder jetting AM process has been used, both in industry and research settings, with a variety
of materials including polymers [27], glass [28], ceramics [29] metals [30], [31], foundry sand
[32], glass/ceramic composite [33], and metal/ceramic composites [34]–[36]. These machines are
capable of building parts at relatively high speeds

Figure 3 Schematic of a binder jetting system and components
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2.4 Vat Photopolymerization

Vat photopolymerization is an AM process in which a liquid photopolymer is contained within a
vat and cured selectively by a light source that induces polymerization as shown in Figure 4 [14].
Stereolithography, which became the first patented and commercialized AM process, uses an
ultraviolet laser where energy can be delivered point-wise by a x-y scanning mechanism with the
aid of mirrors mounted on galvanometer that deliver point-wise energy. Alternatively, energy can
be delivered by using digital light processing (DLP) technology that projects an image over the
area to be cured. A DLP unit is comprised of an array of micromirrors that project an image onto
the top or bottom surface of the vat. This technique cures an entire layer at once, making it
potentially faster than scanning a single point of laser light across a surface. The vat
photopolymerization technology uses a variety of materials including polymers, composites, and
ceramics [37].

Figure 4 Diagram of SLA printing process
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2.5 Directed Energy Deposition

Directed energy deposition (DED) is an AM process that uses focused thermal energy to
create a melt pool on a workpiece while adding stock material into the melt pool [14]. DED has
been highlighted as one of the AM technologies that will have a significant impact on the aerospace
industry due to its ability to repair or restore operations of a pre-existing, worn part, where material
is deposited directly to it [38]. This technology enables the functional grading of multiple
materials. Figure 5 illustrates a common setup for the process of this system. The stock material is
fused to the workpiece during material deposition. The 3-stock material is usually of powder or
wire form, while energy sources include laser, electron beam, discharge arc, and plasma. The laser
engineered net shaping (LENS) technology is an example of directed energy deposition in which
a laser is used to produce the melt pool while metal powder is blown into the melt [39]. Another
example of a DED process is the electron beam welding additive manufacturing process in which
an electron beam, within a vacuum, is used to produce a melt pool on a workpiece while the wire
is fed and fused at the pool [40]. Yet another example of a DED AM process includes the use of a
discharge arc and wire to fabricate large parts (as long as 5 m in length), as is done with the Wire
+ Arc technology [41]. Finally, Norsk Titanium developed a technology that uses a plasma arc to
melt Ti-6Al-4V wire to enable deposition [42]. The increased material deposition rate is one
advantage of using wire-fed DED versus powder bed AM processes. Typical deposition rates for
powder bed fusion processes are at or below ~10 g/min [43], [44]. On the other hand, wire-fed
DED processes achieve deposition on the order of 1-10 kg/hour [44].
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Figure 5 Schematic diagram of a directed energy deposition process

2.6 Sheet Lamination
Sheet lamination is an AM process that stacks and bonds sheets of material to create three
dimensional part [14]. Sheet materials can be adhesive-coated papers that form a plywood-like
solid when laminated into a 3D object or metal tapes and foils that form metal parts using ultrasonic
energy to weld them [45]. A common schematic of this process is shown in Fig. 6. To produce
features within the stacked layers, a two-dimensional profile is cut into each sheet. The welded
tapes are machined intermittently during the stacking process to produce the desired geometric
features. Another sheet lamination method makes parts of stacked and glued paper that are
subsequently cut by a tungsten tipped-blade cutter. Although no longer available as a commercial
product, the sheet lamination approach has also been used with sheets of plastics to build plastic
parts [15]. Some machines are using sheets made of thermoplastics reinforced with fiberglass,
carbon fiber, or Kevlar [44].
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Figure 6 Schematic diagram of a binder jetting system and components

2.7 Powder Bed Fusion

Powder Bed Fusion (PBF) is defined as one of the 7 Additive manufacturing processes in which
thermal energy selectively fuses regions of a powder bed [14]. This process consists of thin layers
of fine powders, which are spread and closely packed on a platform. The powders in each layer
are fused together with a laser beam, a plasma arc, or an electron beam. Subsequent layers of
powders are rolled on top of previous layers and fused until the final 3D part is built (Fig. 7) [46].
The excess powder is then removed by a vacuum and if necessary, further processing and detailing
such as coating, sintering, or infiltration are carried out. Powder size distribution and packing,
which determine the density of the printed part, are the most crucial factors to the efficacy of this
method [47]. The laser can only be used for powders with a low-melting/sintering temperature,
whereas a liquid binder should other-wise be used. Under the process variants included in powder
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bed fusion, we can find: Selective Laser Sintering (SLS), Laser Powder Bed Fusion (L-PBF), Laser
Sintering (LS), Direct Metal Laser Sintering (DMLS), and Electron Beam Powder Bed Fusion (EPBF). Each variant has different capabilities that allow the user to choose the variant. However,
with each variant, there is a post-process that the printed part may require in order to meet specific
properties or surface finish for the industry that may manufacture the part (Biomedical, Aerospace,
Automotive, Maritime). Limitations exist among each PBF variant at the moment of choosing the
materials to print the desired part. For example, SLS can be used for a variety of polymers, metals,
and alloy powders while L-PBF can only be used for certain metals such as steel and aluminum
[48]. Laser scanning in SLS does not fully melt the powders and the elevated local temperature on
the surface of the grains results in fusion of the powders at the molecular level. On the other hand,
the powders are fully melted and fused together after laser scanning in L-PBF, which results in
superior mechanical properties [49]. A detailed review of different materials and applications using
L-PBF can be found in Ref. [50].

Figure 7 Schematic of a powder bed fusion process
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Fine resolution and high quality of printing are the main advantages of powder bed fusion, which
make it suitable for printing complex structures. This method is widely used in various industries
for advanced applications such as scaffolds for tissue engineering, lattices, aerospace, and
electronics[51]. The main advantage of this method is that the powder bed is used as the support,
which overcomes difficulties in removing supporting material. However, the main drawbacks of
powder bed fusion, which is a slow process, include high costs and high porosity when the powder
is fused with a binder. The porosity of parts printed by binder deposition is generally higher
compared to laser sintering or melting, which can print dense parts [47]. Laser power and speed of
scanning are the main parameters affecting the sintering process.

2.7.1 Electron Beam Powder Bed Fusion (PBF-EB)
Electron Beam Powder Bed Fusion (PBF-EB) is a type of Additive Manufacturing process that
was originally patented and developed by Swedish company Arcam AB. [52]. This technology is
based on the melting of metal powder by exposing it to a high-power electron beam. The process
starts with the spreading of a thin layer (thickness typically between 0.05-0.20 mm) of metal
powder (10 µm- 160 µm diameter) on a build plate by using the machine’s raking mechanism
(Figure 8). The powder is pre-heated by exposing the entire layer to a stream of electrons to
approximately 50% of the metal’s melting temperature using the electron beam gun at relatively
low beam current and high scan speed. E-PBF deflects the high-power electron beam by an
electromagnetic field to selectively melt regions of a metal powder bed [44]. The machine melts
metal powder layer by layer in a high vacuum, which makes this process perfect for manufacturing
reactive materials with a high affinity for oxygen and can achieve full melting of the metal powder
[53]. After the layer is done, the next step is lowering the build platform to an amount equal to one
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layer thickness [52]. The process is repeated until the part is complete. This method can produce
fully dense metal parts and can retain the characteristics of the material. The process is ideal for
the fabrication of high melting temperature alloys, such as titanium, nickel, and cobalt-based alloy
components [54]. One of the main advantages existing in EB-PBF is the powder preheating cycle,
this step lightly sinters the metal powder to hold it in place for subsequent melting and also
transmits heat to the part that helps maintain a low thermal gradient between the melted layer and
the rest of the part, reducing residual stresses.

Figure 8. Schematic of the electron beam column and vacuum chamber
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2.7.2 Laser Beam Powder Bed Fusion (PBF-LB)

When it comes to the business of AM, there is currently only one technology that has a significant,
if not outright dominant, position in the market for metal Additive Manufacturing [51]. The main
advantage of this technology is its capability of producing multiple parts at a high resolution, as it
is a well-known and stable process, requiring no after process with predictable results. The basic
components of an SLM system are schematically presented in Figure 9 [55]. This process is
conducted within an inert controlled-atmosphere chamber of choice to avoid oxidation during
processing [56]. The main difference that is present in this technology in comparison to Electron
Beam, is that this process does not has a bed preheating cycle for each layer, which in metals the
resultant part may require a heat treatment to maximize its mechanical properties and eliminate
possible residual stress.
In laser powder bed fusion, a laser heats powdered material into parts and products. After a layer
of powder has been indexed down, a new layer of powder is spread to continue the process.
Ultimately, this type of powder bed fusion does not require support structures, which is what makes
it unique.

Figure 9. Schematic of a Laser Powder Bed Fusion process
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2.8 Powder Bed Fusion Challenges
Although Powder Bed Fusion processes have the ability to create complicated geometries
compared to conventional processing methods [57], Additive Manufacturing of metals presents
big challenges such as: reducing porosity and residual stress, prevent cracking, and warping, and
improving the density of the parts. AM printed metal parts are often plagued with high porosity,
which occurs during the printing process as small holes and cavities are formed within the part,
this affects the toughness and strength of the product manufactured [58]. There are several causes
of why these defects are produced, such as powder quality, variances in the atmosphere, and
settings [59]. There are many factors that affect the mechanical performance of a printed metal.
These variables are interrelated and make it difficult to predict their influence on the material
properties. For example, stress occurred during the life cycle of the product can slowly initiate
cracks and result in a complete failure of the product. Elimination of the micro-porosity that forms
during freezing can significantly improve fatigue life, impact toughness, creep, rupture strength,
and tensile ductility.
Build features represents a major challenge in metal Additive Manufacturing, particularly on large
parts for which build times are extensive. A defect that is not detected at an early stage of the print,
could come at a high price in lost machine time, wasted material, and delayed deliveries. One of
the most important effects of the less-than full density in metal AM parts is that fracture toughness
and fatigue properties are compromised [60]. Porosity or slight delamination can act as a crack
initiation site, which may lead to a premature failure of parts. Learning how to predict and
minimize the build features is a critical part of the process, and to be able to do this, an
understanding of the causes of metal AM build failures and strategies is required to minimize the
chance of print failure.
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2.8.1 Metal powders for AM
Metal powders used for additive manufacturing play a significant role in the quality and surface
finish of the printed part. These powders have been traditionally made through an atomization
process, gas, or plasma [51]. Variations in the gas injection, melting method, or nozzle design will
achieve more spherical shaped, smaller diameter particles, or more particle uniformity. The
majority of laser-based systems use a particle size of 15-45 microns; whereas electron beam
technology specifies particles in the range of 45-105 microns. AM parts may fall out of
specification or may present defects if the feedstock does not meet AM-specific requirements.
Powder that is non-spherical, not fully dense, or has a size distribution out of the required range
could lead to a lack of particle fusion. This can cause internal porosity, originated from the gas
trapped in the powder feedstock particles during the manufacturing of the powder [61],
dimensional inaccuracies in the part, and surface defects.
Another cause of part failure is an excess or insufficiency of powder dispensed in each layer. The
powder bed feed system dispenses a certain amount of powder, which is spread across the build
platform by a powder-spreading mechanism, usually consisting of a wiper blade or roller.
Dispensing an excessive amount of powder for each layer can deplete the powder supply before
the end of the job, leading to an incomplete job or a system pause, resulting in thermal stresses and
surface distortion, because of the change of temperatures between the involved layers. In contrast,
an insufficiency of powder per layer results in a short feed situation, where the powder does not
cover entirely the build platform, and as a result, this can cause defects in areas where no powder
is available for the energy beam to melt. Nowadays, this job is managed by the machine operator,
carefully supervising the job during the build process, but there have been advances to predict
layer irregularities with an imaging system. [58]– [60].
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2.8.2 Porosity
Despite the many benefits of fabricating components with PBF, the fundamental knowledge of
how mechanical properties and microstructure are affected through the build material is of high
importance. Pores may originate from, the packing of powder particles, from gas evolution or
shrinkage during the solidification of castings, from the agglomeration of vacancies generated by
creep, and by interdiffusion during the bonding of dissimilar materials [65]. This problem is well
known in casting [66] and welding. For AM, there is three main types of porosity that can be
distinguished: lack of fusion [67], gas porosity originating from the powder feedstock [61], and
high energy porosity [58].

2.8.3 Part distortion
The most common reason for distortion in a metal AM part is thermal stress, which results in part
deformation. An estimated 70% of all metal AM failures occur from physical distortion of the part
[51]. Another cause is support structures, also referred to as anchors, when they are insufficient
and detach the part from build plate, allowing the part to rise and interfere with the recoater. If a
part has an uneven thickness of material, the build process may result in more residual stress. In
general, distortion-related failures affect the outcome in two ways: the distorted part breaks away
from the support material during the build. It then rises enough to crash into the powder-spreading
mechanism [68]. However, to optimize for minimal part distortion, for instance, we must be able
to predict thermal distortion by the use of effective algorithms to identify optimal orientations and
support designs.
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2.8.4 Lack of Fusion

Components manufactured by additive manufacturing often exhibit improper fusion among layers
and hatches. Lack of fusion porosity originates where the heat deposited by the beam is not
sufficient to completely melt the powder to form a uniform solid. Such defects are distinguishable
for their elongated shape and are oriented in the horizontal direction [69]. Lack of fusion is
detrimental to the mechanical properties of the component, and in extreme cases lead to part
failure. Improper selection of laser power, scanning speed, laser spot radius, layer thickness, hatch
spacing, and alloy affect the formation of this defect [70]. Experimentally, lack of fusion defects
were found to be reduced with increasing laser power for stainless steel [71], titanium alloys. There
have been advances in the development, test, and demonstration of a methodology to predict and
prevent these defects based on infrared thermography [64], and a numerical heat transfer and fluid
flow model [72].

2.9 Hot Isostatic Pressing (HIP)
The HIP process applies high pressure to the exterior of a selected part via an inert gas. The
elevated temperature and pressure cause sub-surface voids to be eliminated through a combination
of plastic flow and atom/vacancy diffusion. Figure 10 shows the components of a system to
perform this process. As an attractive post-processing technique, this treatment is frequently used
to eliminate the interior porosity and provide simultaneous heat treatment for the metallic [73],
[74], or ceramic [75] components. The combination of high temperature and high-pressure
treatment can provide a highly densified part with a well-controlled micro-structure. For example,
in the powder metallurgy industry [76], HIP treatment can be used to fabricate a compact and solid
bulk material directly through the metallic powders. Besides, another major application of the HIP
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treatment is to eliminate the internal defects in the casting industry. The undesirable void, microsized pore, and cracks formed during solidification may act as fracture initiator and seriously
deteriorate the fatigue and creep properties. Under the simultaneously high temperature and highpressure environment, the plastic deformation and diffusion bonding can lead to the collapse and
weld-up of these internal pores (Figure 11) [77]. Currently, the HIP technique is also applied to
the additively manufactured components to eliminate the inevitable porous defects and ameliorate
the mechanical properties [78], [79]. For example, a reduction of porosity and an improved
ductility were achieved on the Ti6Al4V [80], Inconel 625 [74], and Inconel 718 [81], [82] alloys
fabricated by EB-PBF and L-PBF through the post HIP treatment.

Figure 10 Hot Isostatic Pressing process schematic
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Figure 11. HIP causes a photographic reduction in the shape of an encapsulating envelope and the densifying
powder that it contains.

2.10 Use of Ti 6242 in Additive Manufacturing
Titanium Ti-6Al-2Sn-4Zr-2Mo is classified as a near α-alloy and was developed to operate at
high temperatures relative to the more common Ti-6Al-4V alloy [83]. This alloy can provide
weight savings in place of the lower strength aerospace type steels and aluminum alloys, and
have a very superior corrosion resistance to the aluminum alloys and low alloy steel temperature
[84], [85]. Ti6242 has great elevated strength and creep resistance with a service limit of 450°C.
The alloy typically undergoes a duplex anneal with a first stage at 50-75°C below the beta transus
(β transus = 995°C) for one hour and an age stabilization at 595°C for 8 hrs. Aluminum is added
to stabilize the alpha phase. Tin and Zirconium are mostly neutral having little effect on
alpha/beta transformation but are added to increase solid solution strength [86]. Molybdenum is
beta isomorph stabilizer but is added in a low concentration in this alloy which is why the alloy
is classified as near alpha. It is common to add some small amount of silicon to this alloy 0.2%
to increase the high-temperature creep strength even further [87]. Below the beta transus
temperature, titanium will be a mixture of α + β if the material contains some beta stabilizers, or
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it will be all alpha if it contains no beta stabilizers. The beta transus is important because
processing and heat treatment are often carried out with reference to some incremental
temperature above or below the beta transus.[88].
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Powder Feedstocks
The Ti 6Al-2Sn-4Zr-2Mo precursor powder used for EBM fabrication was obtained from
Carpenter (Camarillo, USA). The powder was produced through gas atomization. The received
powder used for E-PBF (EBM) processing was analyzed using a RETSCH-CAMSIZER X2 (Haan,
Germany). Images taken of the powder (Fig. 1) revealed that a range of particle sizes from ~ 40µm
to 95µm was obtained, with an average of ~ 71 µm.
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Figure 12. Ti6242 pre-alloyed powder images at high magnification (a) and low magnification (b).
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3.2

Electron Beam Powder Bed Fusion systems, setup and fabrication

Arcam A2X. This machine offers a building envelope of 200x200x380 mm. It was designed for
the production of functional parts within the aerospace and general industry, featuring the
capability to withstand high temperatures, up to 1100 °C, with a maximum beam power of 3kW,
using a tungsten filament as its cathode.
Arcam Q20. This machine offers a building envelope of 350x350x180 mm. It was designed for
the production of aerospace components such as turbine blades and airframe components. This
system also features a maximum beam power of 3kW, using a LaB6 cathode.

3.3

Process parameters

Tables 1 and 2 list the complete set of fabrication parameters for the Arcam A2X and Q20 EBM
machines, respectively. The melt parameters: power, beam scan speed, beam dimensions, and layer
thicknesses were essentially the same for the two EBM systems, producing similar, high cooling
rates for the fabricating products.
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Table 1. Build Parameters for Arcam A2X specimens

Machine Build Parameters Arcam A2X
Focus offset
Heating Focus offset
Offset to part
Max Beam Current
Beam Speed
Max No. of
repetitions
Average current
Max Beam Current
Beam Speed
Max No. of
repetitions
Average current
Max Heat time
No. of spots
Spot time
Multispot Overlap
Current
Focus offset
Speed Function
Current
Focus offset
Speed Function
Current
Focus offset
Speed Function
Line Order
Max heat time
Layer thickness

Pre Heat

Pre Heat 1
Pre Heat
50µm

Pre Heat 2

Outer Contour

Melt
50µm

Inner Contour

Hatch

Heating
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62 mA
130 mA
4 mm
30 mA
1300 mm/s
25
10 mA
38
14600 mm/s
12
12.2 mA
15-20 sec
40 ms
0.8mm
0.2 mA
4 mA
3
6
10
3
30
15 mA
3
98
1
55 sec
0.05 µm

Table 2. Build Parameters for Arcam Q20 specimens

Machine Build Parameters Arcam Q20
Focus offset
Heating Focus offset
Offset to part
Max Beam Current
Beam Speed
Max No. of
repetitions
Average current
Max Beam Current
Beam Speed
Max No. of
repetitions
Average current
Max Heat time
No. of spots
Spot time
Multispot Overlap
Current
Focus offset
Speed Function
Current
Focus offset
Speed Function
Current
Focus offset
Speed Function
Line Order
Max heat time
Layer thickness

Pre Heat

Pre Heat 1
Pre Heat
50µm

Pre Heat 2

Outer Contour

Melt
50µm

Inner Contour

Hatch

Heating
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46 mA
100 mA
2 mm
36 mA
42000 mm/s
2
N/A
38
40500 mm/s
3
12.25 mA
N/A
N/A
N/A
N/A
5 mA
7
N/A
8
7
N/A
15 mA
38
60
N/A
30 sec
0.05 µm

3.4

Hot Isostatic Pressing (HIP) parameters for post-processing heat treatment

In this project, the specimens were exposed to several Hot Isostatic Pressing parameters, separating
into different groups according to different HIP exposures as shown in Figure 13. Variant 1 is
denoted the as-built condition, where no HIP was applied. Variants 2 through 4 were HIPed under
the same pressure of 103 MPa for 120min. Variant 2 was held at a temperature of 850°C which is
below the beta transus. Variant 3 was held at a standard HIP temperature of 950°C, and finally,
variant 4 was held at a temperature of 1050°C, which is above the beta transus (~994 oC). For the
three HIPed variants, a QIH9 system with Uniform Rapid Cooling (URC) furnace in molybdenum
from Quintus Technologies was used at a furnace cooling rate of 100°C/min.

HIP Variants
1200
1050

Temperature °C

900
750
600
450
300
150
0
0

30

60

90

120

150

180

Time (min)
Variant 2

Variant 3

Variant 4

Figure 13. Comparison of different HIP cycles for Ti6242 specimens.
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3.5

Specimen test preparation

Metallographic and mechanical test samples were fabricated by Honeywell Aerospace, in the two
systems, an Arcam Q20 and A2X (Mölnlycke, Sweden). Honeywell Aerospace has collaborated
with Quintus Technologies developing new HIP and heat-treating cycles for Titanium aerospace
materials. A total of 76 specimens with an average length of 10cm were produced on each system,
then separated into four different groups for classifying HIP variants in a vertical position as well
as one separate group built horizontally to analyze its as-built condition. The samples were
machined and threaded for testing.

3.6

Microstructure characterization

Samples were cut, at the threaded section in the X, Y, and Z planes. After sectioning, the samples
were mounted with black phenolic powder in an ATM™ OPAL 460 mounting system (Haan,
Germany), then grounded until plane using a grinding pad of grit size 220, applying a force of 35N
and 300 RPM on an ATM™ SAPHIR 530 semi-automatic grinder and polisher (Haan, Germany).
Consecutively, they were polished on the same system using a diamond pad, applying a force of
25N and 150 RPM for 5 minutes, using a 6µm diamond suspension liquid. Finally, the samples
were polished using a polishing pad and applying alkaline 0.2µm fumed silica for 5 minutes, the
parameters for the machine were set with a force of 25N and 150 RPM.
The microstructure was revealed using a Modified Kroll’s Reagent solution consisting of 92mL
of distilled water (H₂O), 6mL of nitric acid (HNO₃), and 2 mL of hydrofluoric acid (HF). The
polished surface of specimens was etched with this solution by submerging the sample in it
approximately for 5 seconds, and depending on the HIP variant, the time changed. For variants 1
and 2, a second step in the etching process was necessary to reveal grain boundaries, following the
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Kroll’s reagent solution, submersion in Weck’s reagent (3g NH4HF2 in 100ml of distilled water)
for 10 seconds, ceasing when bubbles started to appear. The microstructure of the materials was
studied using an Olympus™ GX53 inverted optical microscope from Olympus Inc. (Tokyo,
Japan).

3.7

Density measurements

The volume of Ti-6Al-2Sn-4Zr-2Mo was calculated using a AccuPyc II 1340 gas pycnometer from
Micromeritics Instruments (Norcross, United States). The mass values were measured using a
Sartorius CP124S weight balance (Sartorius AG, Germany). For measurement values, each sample
was weighted five times, with measurements taken after the balance was tared, and the reported
values are the result of the average mass divided by the volume of each specimen.

3.8

Tensile testing

Testing was conducted on an MTS Landmark servo-hydraulic system with a force capacity of
100kN, equipped with threaded grips. To test the samples, they were machined and threaded
according to the ASTM E8 standard [89, p. 8] to fit the grips of the testing machine. For the axial
strain measurement, an MTS 30 mm axial clip extensometer was installed with caution, aiming at
the middle portion of the sample, predicting the failure location, and performed the test in all
specimens. The displacement rate for the machine was set at 0.15 mm/min.
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3.9

Hardness testing

A Struers Duramin-A300 (Ohio, USA) was utilized to obtain hardness measurements in the
Rockwell C (HRC) scale from the E-PBF manufactured components. Measurements were done
for both top and bottom sections of the specimens, performing measurements on the X, Y, and Z
planes. The measurements used 5-second dwell time indentations with a load of 100gf. A total of
four evenly distributed indentations were made on the surfaces of every specimen, each with a
separation of at least one millimeter.

3.10

Fracture surface characterization

After tensile testing, the fracture surface of one Ti 6Al-2Sn-4Zr-2Mo specimen per variant was
examined using a JEOL JSM-IT500 (Tokyo, Japan) SEM. One end of the broken specimen was
mounted to perform observations of its surface, as well as to compare fractures between the
different systems.

3.11

Grain size measurements

Grain size measurements were performed according to ASTM E-112 standards test methods for
determining grain size measurements [90] using the intercept procedure. Estimation of the average
grain size by counting the number of grains intercepted by one or more straight lines sufficiently
long to yield at least 50 intercepts.
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3.12

Statistical Analysis

Statistical analysis was performed to find relevant data when comparing the mechanical properties
of the tested samples. There were several characteristics to compare that were relevant to the study.
However, in this study 4 specific properties were analyzed and compared: yield strength (σy),
Ultimate Tensile Strength (UTS), Young’s Modulus (E), and Max Elongation (εmax), as they were
the ones with the most significant results. To provide a better discussion of the results, the data
were classified into 2 different studies. The first study was focused on the results of As-built
samples that were printed in both vertical and horizontal positions, to determine if there was high
variance in the properties as a result of either the system in which the samples were fabricated
(Arcam A2X or Arcam Q20) or the printing orientation. The second analysis was focused on the
comparison of mechanical properties among the 4 different variants of the samples, all of them
built in a vertical position, and comparing their performance by variant and machine. The results
are based on a population of 5 randomly selected samples of each variant and machine.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Microstructures and Microstructure Analysis
Figure 14 compares the as-fabricated (variant 1) microstructures for the Arcam A2X (Figure 14a)
and Q20 (Figure 14b) EBM systems. Notable features are the equiaxed grain structures with
similar grain sizes of 214 and 257 microns, respectively, for the A2X and Q20 EBM systems.
These equiaxed grain structures correspond to moderate thermal gradients and solidification rates
for solidification maps where plots of thermal gradient versus solidification rate determine the
grain morphology differentiated by columnar grains versus varying sizes of equiaxed grains for
both L=PBF and EB-PBF fabrication of alloys, as recently reviewed by DebRoy, et al. [91]. Both
images in Figure 14 show some porosity, and this is expected for measured densities of 4.51 and
4.49 g/cc, corresponding to Figure 14a, b, respectively.
The nominal solid density for Ti6242 in the literature varies from ~4.52 to 4.54 g/cc [92], [93],
which compares favorably with the nominal, solid density of 4.53 g/cc measured for the specimens
fabricated by both Arcam machines and HIPed at 1050 °C. Consequently, the measured densities
for Figure 14a, b correspond to 99.6 and 99.2%, respectively. In Figure 14a, b the essentially fully
dense, acicular alpha-prime martensite composing a Widmanstädter-like microstructure within the
grains is also notable, having an average acicular thickness averaging ~0.6 microns. These features
are better illustrated in the magnified images of Figure 14 shown in Figure 15. Since alpha-prime
martensite has an hcp crystal structure and associated lattice parameters are essentially
indistinguishable from the hcp alpha phase, it is difficult to distinguish from the alpha phase.
However, in optical (light) metallography, the etchant renders the acicular alpha-prime dark or
black as shown in the large grain marked in Figure 15a, while the acicular alpha phase appears
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white, as marked in Figure 15b. In addition, while acicular alpha occurs somewhat randomly, the
alpha-prime martensite is often coincident with the hcp {0001} planes which can intersect at 90°
as evident in many of the grains in Figure 15a, b. It can also be observed that some grains and
grain portions contain short, acicular alpha with the same thickness as the martensite, as evidenced
by the short, white features noted in Figure 15b. Nonetheless, the volume fraction of the acicular
martensite (as observed qualitatively) far exceeds the acicular alpha. These features were observed
more than three decades ago for the weld fusion zone of rapidly cooled Ti6242 alloy by Blaeslack
and Mullins [13] where, at very high cooling rates (~500 °C/s), martensite dominated the
microstructure, while an increasing volume fraction of acicular alpha emerged with decreasing
cooling rates (by alpha-prime decomposition to alpha), creating alpha colonies at a cooling rate of
~7 °C/s.
Similar microstructure features have been more recently observed in the laser-welding of both
Ti6242 and Ti-6Al-4V (Ti64) alloys [76], [94], [95], and the same acicular alpha-prime martensite
microstructures have been recently observed for the laser melting (L-PBF) of Ti64 [9], [10], [96].
It is also of interest to note that Ter Haar and Becker [9] and Yang, et al. [97] have discussed a
specific range of length regimes (from nano to micron) for alpha-prime martensite in Ti-6Al-4V,
but their origin and specific influence on properties have not been discussed. In this regard, the
short segments of alpha phase prominent in Figure 15b are also not understood. Figure 16
compares the post-process HIP microstructures for the two Arcam EBM systems, at 850 °C
(variant 2) as noted. It can be observed in comparing these microstructures with the as-fabricated
(variant 1) microstructures in Figure 15 (at the same magnification) that the grain structure has
been refined, leaving somewhat blocky grain sizes of ~121 microns and 165 microns for Figure
16a, b, respectively. While the martensite has partially decomposed, a significant volume fraction
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of the alpha-prime martensite persists, there is also a more significant acicular alpha volume
fraction, and the thickness of both the acicular alpha-prime and the alpha is ~0.7 microns. The
grain refinement is probably associated with the stress relief of dislocation microstructures,
although these have not been specifically observed.
Figures 17–20 compare the post-process, HIP microstructures at 950 °C (Figures 17 and 18) and
1050 °C (Figures 19 and 20), respectively. At 950 °C (variant 3), the equiaxed grains have grown
slightly from the 850 °C HIP (Figure 16), but the most notable microstructure feature is the
transformation of the acicular martensite to acicular alpha, represented by short segments of alpha
in Figure 17 in contrast to a fairly well defined acicular alpha Widmanstätten microstructure in
Figure 19. The acicular alpha in both Figures 17 and 19 have an average thickness of ~0.6 microns.
There is also a notable grain boundary regime of alpha in both Figures 6 and 8. It might also be
pointed out that the alpha phase in Figures 15b and -17–20 demonstrate a wide range of lamellar
or acicular lengths, as noted above, from ~5 microns in Figures 15b and 17, 20 microns in Figure
18 and 5 to 15 microns and ~5 to 60 microns in Figures 19 and 20, respectively.

Figures 18 and 20 compare the 1050 °C HIP (variant 4) post-process microstructures for the two
different EBM machines. Here, the equiaxed grains have grown significantly in contrast to HIP at
850 and 950 °C HIP treatments shown in Figures 16, 17, and 19, respectively. In addition, the
difference noted for the acicular alpha intra-grain microstructures is also shown when comparing
Figures 18 and 20, where a thick (~2 micron) acicular Widmanstätten microstructure occurs in
Figure 18 in contrast to a thinner (~0.5 micron) acicular alpha pseudo- Widmanstätten
microstructure in Figure 20. It should also be noted that the measured densities corresponding to
the 1050 °C HIP (variant 4) corresponding to Figures 18 and 20 were both 4.53 g/cc. Tables 3 and
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4 list the measured densities, grain sizes, and acicular alpha-prime and alpha thicknesses for
comparison and reference, along with the corresponding mechanical properties.
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a

100 µm

b

100 µm

Figure 14. Variants 1 (as-fabricated) optical metallograph images for the Arcam A2X (a), and Q20 (b) top section,
X plane.

38

a

α'
30 µm

b

α
α’
α
30 µm

Figure 15. Variants 1 magnified images for the Arcam A2X (a), and Q20 (b) top section, X plane.
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a

30 µm

b

α’

30 µm

Figure 16. Variants 2 images for the Arcam A2X (a), and Q20 (b) top section, X plane.
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30 µm

Figure 17. Variant 3 image for the Arcam Q20 top section, X plane.

30 µm

Figure 18. Variant 4 image for the Arcam Q20 top section, X plane.
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30 µm

Figure 19. Variant 3 image for the Arcam A2X bottom section, X plane.

30 µm

Figure 20. Variant 4 image for the Arcam A2X bottom section, X plane.
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4.2. Mechanical Property Measurements and Discussion
For comparison, Tables 3 and 4 lists and summarize the averages for the tensile and Rockwell C
(HRC) hardness measurements and microstructure data for the four variants: as-processed (1), HIP
at 850 °C (2), HIP at 950 °C (3), and HIP at 1050 °C (4), for the two Arcam EBM fabrication
systems (Q20 and A2X, respectively). The stress at fracture is also listed. As expected, the tensile
yield stress and UTS decrease regularly with HIP post-processing (increasing temperatures) for
variants 2, 3, and 4, but with some anomalies in both fracture stress and associated elongation
(ductility) as a consequence of the interactive microstructures: grain size changes (increase) along
with variations in the acicular alpha-prime/alpha volume fractions. Even in the very early
observations of Ti6242 weld fusion zone microstructures [98], the rich (fully dense) acicular
martensite was associated with the highest tensile yield stress and UTS and the lowest elongation,
while the yield stress and UTS declined regularly with increasing acicular alpha, and increasing
elongation.
The hardness measured in this prior research [13] also decreased systematically by ~12%. In the
present study, corresponding hardness also decreased somewhat inconsistently, as shown in Tables
3 and 4, and only varied by ~7%. Similar results for tensile property variation with acicular alphaprime/alpha content have also been observed for both variously welded Ti-6Al-4V [96], [97], as
well as laser (L-PBF) and electron beam (EB-PBF) processing and heat treatment of Ti64 [7], [92],
[99] where additional anomalies and superior ductility have been achieved by the post-heattreatment processing.
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Table 3. Mechanical Properties of Ti 6Al-2Sn-4Zr-2Mo specimen variants built on an ARCAM Q20
system.
Ti 6Al-2Sn-4Zr-2Mo Properties Arcam Q20
Avg.

Avg.

Avg.

Avg.

Avg.

Grain

Alpha-

Fracture

Ɛmax

Density

Hardness

Size

Prime/Alpha

(MPa)

Elong.

(g/cm³)

(HRC)

(µm)

Avg. UTS
σy
Variant
Thickness
(MPa)

(MPa)

(microns)
957

1059

979

13.8%

4.49

39

(±16)

(±19)

(±64)

(±0.02%)

(±0.2)

(±0.4)

896

1013

830

15.3%

4.51

38

(±21)

(±29)

(±47)

(±0.01%)

(±0.2)

(±0.4)

862

963

822

12.3%

4.52

38

(±46)

(±7)

(±42)

(±0.03%)

(±0.2)

(±0.9)

832

935

896

9.2%

4.53

38

(±14)

(±19)

(±18)

(±0.02%)

(±0.2)

(±0.3)

1

2

3

4

257

0.6

165

0.7

217

0.6

347

2.0

Table 4. Mechanical Properties of Ti 6Al-2Sn-4Zr-2Mo specimen variants built on an ARCAM A2X
system.
Ti 6Al-2Sn-4Zr-2Mo Properties A2X
Avg.
Avg. σy

Avg.
Avg. Fracture
Ɛmax

UTS

Avg.

Grain

Hardness

Size

(HRC)

(µm)

Avg. Density

Alpha-Prime/Alpha

Variant
Thickness
(MPa)

(MPa)

(MPa)

Elong.

(g/cm³)

(microns)
1018

1115

1074

7.8%

4.51

41

(±14)

(±18)

(±17)

(±0.03%)

(±0.2)

(±0.3)

937

1048

824

16.4%

4.52

39

(±19)

(±7)

(±46)

(±0.03%)

(±0.2)

(±1)

887

1000

840

16.2%

4.52

38

(±21)

(±4)

(±60)

(±0.01%)

(±0.2)

(±0.5)

836

963

874

12.2%

4.53

41

(±8)

(±6)

(±41)

(±0.02%)

(±0.2)

(±1)

1

2

3

4
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214

0.6

121

0.7

278

0.6

329

0.5

It is apparent upon examining and comparing Tables 3 and 4, along with a somewhat systematic
perusal of the comparative microstructure images in Figures 15–20, that there is a complex
interplay between the grain structure (grain size) and the intragrain microstructures: acicular alphaprime and alpha, including the contributions of bcc beta phase. Of course, it is well established
that tensile yield stress is proportional to the reciprocal square root of the grain diameter.
Consequently, as the grain size increases, as shown for the HIP variants (2, 3, and 4) in Tables 3
and 4, the tensile yield would nominally decrease. Similarly, Xu, et al. [94] have shown that, for
the Ti64 alloy, the yield stress is also inversely proportional to the square root of the acicular and
lenticular alpha phase thickness, and for thicknesses ranging from ~3 microns to 0.3 microns, the
yield stress increased from ~0.85 GPa to 1.1 GPa; a difference of ~29%. In this regard, it can be
observed in Tables 3 and 4 that, although the grain size (diameter) increases with HIP temperature,
the acicular alpha thickness does not change significantly, except for the 1050 °C HIP treatment
for the Q20 EBM-processed alloy where the alpha coarsened to a thickness of ~2 microns, and the
tensile elongation decreased to 9.2%. There is also a simple relationship between tensile stress and
hardness for many metals and alloys (tensile stress ~hardness/3), especially for Vickers and
Rockwell C hardness, and this is also not a characteristic of the results presented in Tables 3 and
4. However, since the hardness measurements represent intragrain regions characterized by
acicular alpha-prime or alpha, which do not change significantly in thickness, the hardness is also
not characteristically different and remains relatively high in comparison with the hardness for
annealed Ti6242 alloy, which is near HRC 33 [92], [93].
Even though there are anomalies in correlating the Ti6242 EBM-processed and post-processing
HIP microstructures (Figures 15–20) with the corresponding mechanical properties, the results
show clearly defined microstructures for the various Ti6242 specimens, and allow useful
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conclusions to be drawn regarding the effects of post-processing HIP conditions on selecting and
optimizing an EB-PBF fabricated Ti6242 alloy. For example, Tables 3 and 4 illustrate that, for the
low temperature (850 °C) HIP, the Ti6242 has a density equal to or greater than 99.6%, while the
elongation (ductility) is as good or better than the same properties for conventionally processed
wrought alloy [92], [93]. Another interesting feature is that, for some Titanium alloys, the
elongation has been shown to be inversely proportional to the volume fraction of acicular alpha
[100], and this may contribute to the decline in elongation observed for variants 3 and 4 in Tables
3 and 4 relatives to variant 2. The creep rupture resistance also normally declines with a decline in
elongation, although this feature was not directly measured in this study.

4.3 Tensile Fracture Surface Observations and Analysis
SEM fractographic images for the four variant test categories (variants 1, 2, 3, and 4) implicit in
Tables 3 and 4 are shown for comparison in Figures 21 and 22, as low- and high-magnification
sequences. Evidence for ductile dimple fracture features is observed in all of the highmagnification images to the right in Figures 21 and 22, where the average dimple diameters have
been estimated to be 2.5, 5, 2, and 8 microns, respectively, for the four variants top to bottom at
the right in Figure 21, and 2.5, 4, 5, and 7 microns, respectively, for the four variants top to bottom
at the right in Figure 22; generally increasing with increasing grain size. This behavior has been
described in earlier work on titanium by Krishna et al., and more recently for a Titanium alloy by
Illarionov et al. [101]. In addition, deeper dimples also generally indicate greater toughness,
although toughness was not specifically measured in this study. Dimples are also shallower as the
grain size (diameter) increases, and this is observed in both Figures 21h and 22h, corresponding to
HIP at 1050 °C (variant 4), where the grain size is largest (Tables 3 and 4).

46

Figure 21. Variants 1 (a,b), 2 (c,d), 3 (e,f), 4 (g,h) for the Arcam A2X-processed and HIP post-processed Ti6242
tensile fracture surfaces.
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Figure 22. Variants 1 (a,b), 2 (c,d), 3 (e,f), 4 (g,h) for the Arcam Q20-processed and post-processed tensile fracture
surfaces.
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4.4 Statistical Analysis As-Built condition
Figure 23 shows the main difference in the property of yield stress among the two systems where
the A2X has an advantage over the Q20 in terms of yield strength. Considering the build
orientation, vertical samples have a higher value for both systems. However, the Q20 system
provided values that differ by approximately 50 MPa, in contrast to the A2X. Figure 24 reflects
the Young’s modulus values among the As-built condition and shows a minimal advantage in the
A2X samples, but horizontal samples changed dramatically among the two systems. In the A2X
horizontal printed specimens had a higher Young's modulus than the vertical ones. This is however
changed from system to system and while it is not a big difference, the value of the mean among
the horizontal orientation decreases in the Q20 system.
The change in Ultimate Tensile Strength was visible between both Q20 and A2X samples, A2X
presented a difference of at least 100 MPA in comparison to the Q20 samples, and regarding build
orientation the vertical samples performed better than the horizontal ones having a difference of at
least 50 MPA. The A2X system also presented a more consistent result among their samples, where
the mean values remained close. In contrast, the Q20 system provided a big variance among their
horizontal and vertical samples (Fig. 25).
The results for the maximum elongation are shown in Figure 26 among the two machines and
while there was no significant change regarding build orientation, there was a clear difference
between the two machines. The Q20 provided an elongation of 4% more than A2X among their
samples in the vertical position that could lead to a better performance in the samples that were
heat treated.
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Figure 23. Variant 1 Horizontal vs Vertical comparison for yield stress.
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Figure 24. Variant 1 Horizontal vs Vertical comparison for Young’s Modulus
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Figure 25. Variant 1 Horizontal vs Vertical comparison for Ultimate Tensile Strength
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Figure 26. Variant 1 Horizontal vs Vertical optimization plot for comparison of Ultimate Tensile Strength
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4.5 Statistical Analysis Variants 1-4

Figures 27 to 30 show the interaction of the four different variants on the performance of their
mechanical properties. A decrease of almost 10% in the yield strength values was shown among
each variant. A2X samples presented higher values of yield strength by at least 80 MPa for each
one of the variants tested (Figure 27). Young's modulus was significantly above the other variants
in variant 2 with an average increase of 15 GPa. This variant was HIPed at a low temperature and
the results were constant among the two machines, yet again there was a significant difference in
the performance of the A2X samples compared to the Q20 as shown in figure 28.

As the HIP temperature increases on variants 2 through 4, the Ultimate Tensile Strength is
decreased almost linearly in both systems and an average of 50 MPA of difference was present
from the A2X to the Q20 system (Figure 29). Porosity reduction was achieved in comparison to
the As-built condition and results started in variant 2, where maximum elongation was achieved
in both systems, this feature continued to variant 3 and has a big decrease in variant 4, where high
temperatures in HIP changed the microstructure, obtaining as a result a more brittle material. The
higher values for this property were obtained by the A2X machine. (Figure 30)
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Figure 27. Variants 1-4 optimization plot for comparison of yield Stress
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Figure 28. Variants 1-4 optimization plot for comparison of Young’s Modulus
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Figure 29. Variants 1-4 optimization plot for comparison of Ultimate Tensile Strength (UTS)
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Figure 30. Variants 1-4 optimization plot for comparison of Max elongation (εmax)
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CHAPTER 5
CONCLUSIONS

The results for two separate EBM systems are compared and found to be essentially the same. The
microstructure for the EBM-fabricated Ti6242 consists of equiaxed grains (~200–300 microns in
diameter) containing a nearly total volume fraction of acicular alpha-prime martensite having a
width of ~0.6 microns. These results were essentially unchanged for samples fabricated in two
different Arcam EBM systems: A2X employing a tungsten thermionic filament electron source,
and Q20 employing a LaB6 thermionic electron source. The processing parameters for each
machine (Tables 1 and 2) produced similar thermal gradients and solidification rates and,
ultimately, high cooling rates.
Post-process HIP of the as-fabricated Ti6242 components at temperatures of 850 °C, 950 °C, and
1050 °C produced blocky, refined grains containing a mixture of acicular martensite and alpha at
850 °C, and increasing grain growth along with the decomposition of intragranular, acicular alphaprime martensite to produce thin, acicular, and Widmanstätten alpha phase at the two higher
temperatures. The corresponding tensile properties (yield and UTS) declined from ~1 and 1.1 GPa,
respectively, to ~0.8 GPa and 0.9 GPa, respectively for HIP processing at 1050 °C for both Arcam
EBM systems where the corresponding hardness varied from 41 to 38 HRC. While there were
some anomalies in the elongation (ductility), the optimized, post-process HIP was associated with
850 °C where the elongation varied between 15 and 16%, corresponding to a yield stress of 0.9
GPa and UTS of ~1 GPa. Of course, this optimized, post-process HIP applies only to the very
preliminary treatments in this study. The usage of the different HIP parameters shown in this study
will be useful to obtain the specific performance of a property. It will depend mainly on the
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requirements of the part that would be printed and will be useful in the design process. In this
study, A2X samples had better performance and all the properties that were measured.
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APPENDDIX A
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Figure A1. Sample iterations of mechanical properties for variant 1, A2X and Q20 systems
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Figure A2. Sample iterations of mechanical properties for variants 2-4, Q20 system

Figure A3. Sample iterations of Hardness for variants 1-4, Q20 system
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Figure A4. Sample iterations of mechanical properties for variants 2-4, A2X system

Figure A5. Sample iterations of Hardness for variants 1-4, A2X system
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Figure A7. Variant 1 analysis Horizontal vs Vertical

Figure A8. Variants 1-4 analysis
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Figure A9. Initial strength analysis

79

Elastic Modulus Ti-6Al-2Sn-4Zr-2Mo
160.0
140.0
120.0

GPa

100.0
80.0

60.0
40.0
20.0
0.0

E - V1

E - V2

E - V3

E - V4

A2X

122.7

136.9

122.6

115.3

Q20

116.8

126.7

114.6

110.4

Elastic Modulus Ti-6Al-2Sn-4Zr-2Mo
140.0
120.0

GPa

100.0
80.0
60.0
40.0
20.0

0.0

E - V1

A2Xv

118.2

A2Xh

120.7

Figure A10. Initial modulus of elasticity analysis
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Figure A11. Initial max elongation analysis
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Figure A12. Box plots for yield strength in variants 1-4

82

Figure A13. Box plots for yield elongation in variants 1-4

Figure A14. Box plots for Young’s Modulus in variants 1-4
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Figure A15. Box plots for Ultimate Tensile Strength in variants 1-4
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Figure A16. Box plots for Ultimate Tensile Strength elongation in variants 1-4

Figure A17. Box plots for fracture location in variants 1-4
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Figure A18. Box plots for max elongation in variants 1-4
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APPENDIX B

Figure B1. Ti6242 pre-alloyed powder analysis, size distribution.
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Figure B2. Ti6242 pre-alloyed powder images at low magnification.

Figure B3. Ti6242 pre-alloyed powder images at high magnification.
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Figure B4. Murr’s Cube of As-Built sample printed in an Arcam A2X Bottom face (left) Top Face (right)
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Figure B5. Murr’s Cube of As-Built sample printed in an Arcam Q20 Bottom face (left) Top Face (right)
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Figure B6. Murr’s Cube of Variant 2 sample printed in an Arcam A2X Bottom face (left) Top Face (right)
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Figure B7. Murr’s Cube of Variant 2 sample printed in an Arcam Q20 Bottom face (left) Top Face (right)
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Figure B8. Murr’s Cube of Variant 3 sample printed in an Arcam A2X Bottom face (left) Top Face (right)
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Figure B9. Murr’s Cube of Variant 3 sample printed in an Arcam Q20 Bottom face (left) Top Face (right)
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Figure B10. Murr’s Cube of Variant 4 sample printed in an Arcam A2X Bottom face (left) Top Face (right)
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Figure B11. Murr’s Cube of Variant 4 sample printed in an Arcam Q20 Bottom face (left) Top Face (right)
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